Bone cell culture systems are essential tools for the study of the molecular mechanisms regulating extracellular matrix mineralization. MC3T3-E1 osteoblast cell cultures are the most commonly used in vitro model of bone matrix mineralization. Despite the widespread use of this cell line to study biomineralization, there is as yet no systematic characterization of the mineral phase produced in these cultures. Here we provide a comprehensive, multi-technique biophysical characterization of this cell culture mineral and extracellular matrix, and compare it to mouse bone and synthetic apatite mineral standards, to determine the suitability of MC3T3-E1 cultures for biomineralization studies. Elemental compositional analysis by energy-dispersive X-ray spectroscopy (EDS) showed calcium and phosphorus, and trace amounts of sodium and magnesium, in both biological samples. X-ray diffraction (XRD) on resin-embedded intact cultures demonstrated that similar to 1-month-old mouse bone, apatite crystals grew with preferential orientations along the (100), (101) and (111) mineral planes indicative of guided biogenic growth as opposed to dystrophic calcification. XRD of crystals isolated from the cultures revealed that the mineral phase was poorly crystalline hydroxyapatite with 10 to 20 nm-sized nanocrystallites. Consistent with the XRD observations, electron diffraction patterns indicated that culture mineral had low crystallinity typical of biological apatites. Fourier-transform infrared spectroscopy (FTIR) confirmed apatitic carbonate and phosphate within the biological samples. With all techniques utilized, cell culture mineral and mouse bone mineral were remarkably similar. Scanning (SEM) and transmission (TEM) electron microscopy showed that the cultures had a dense fibrillar collagen matrix with small, 100 nm-sized, collagen fibril-associated mineralization foci which coalesced to form larger mineral aggregates, and where mineralized sites showed the accumulation of the mineral-binding protein osteopontin. Light microscopy, confocal microscopy and three-dimensional reconstructions showed that some cells had dendritic processes and became embedded within the mineral in an osteocyte-like manner. In conclusion, we have documented characteristics of the mineral and matrix phases of MC3T3-E1 osteoblast cultures, and have determined that the structural and compositional properties of the mineral are highly similar to that of mouse bone.
Introduction
Bone cell culture systems are essential tools for the investigation of the molecular mechanisms that regulate mineralization of the extracellular matrix (ECM) [1] . Such studies provide fundamental information on biomineralization important to understanding basic skeletal (and dental) biology, and to managing mineralization-related pathologies such as the osteomalacias and ectopic calcifications. Data on mineralization mechanisms obtained from cell culture models are also valuable for the rational design of bone repair strategies and tissue engineering constructs, and biomaterial innovation. For in vitro studies to have appropriate relevance, it is important that the mineralization process and the mineral and matrix formed be physiologic in nature.
Although there are a multitude of material characterization techniques potentially applicable to the study of biomineral deposited in vitro (and also in vivo), there is little work in the literature describing a systematic characterization of the biomineral formed in osteoblast cell cultures. Most investigators rely initially on classical histologic methods using von Kossa or Alizarin Red staining, even though these stains have repeatedly been shown to be insufficient for the accurate assessment of the mineral phase generated in cell cultures [2] . Limitations of such assays rest on the inherent nonspecific staining of these chemical reagents. For example, although the von Kossa reagent (silver nitrate) stains for phosphate, it does not specifically stain apatitic mineral and may stain other mineral phases, just as it may potentially stain high concentrations of protein-bound phosphate in bone [3] . Likewise, Alizarin Red chelates calcium and will stain calcium regardless of its source, potentially including extracellular matrix mineral, salts, precipitates, protein-bound calcium or even free calcium in solution [4] . Moreover, these same chemical stains will stain nonphysiologic dystrophic calcification [2] .
Bones require for their function not only an appropriate mineral phase, but also mineral having correct crystallite shape and size, orientation, location and quantity, and an appropriate crystallinity (that includes lattice substitutions), all occurring within a dense, mature collagenous matrix that also contains noncollagenous proteins and small proteoglycans. MC3T3-E1 cells are a murine calvaria-derived pre-osteoblastic cell line used as an archetypal model of in vitro osteogenesis [5] , being the most commonly used cell line in in vitro bone cell biology research. Following isolation and cloning of the MC3T3-E1 cell line on the basis of high alkaline phosphatase activity (an early marker of osteoblast activity), MC3T3-E1 cells have been further subcloned based on their potential to mineralize and on their expression of late markers of osteoblast differentiation such as osteocalcin and bone sialoprotein [6] .
Despite the widespread use of the MC3T3-E1 cell line as a model of osteogenesis, the mechanism by which the extracellular matrix mineralizes remains unclear, and to date there is no detailed systematic characterization of the mineral deposited in these cultures. To re-evaluate and definitively determine the suitability of MC3T3-E1 osteoblast cultures as a model for investigating molecular determinants of bone mineralization, we performed a multi-technique, biophysical and ultrastructural assessment of the mineral and matrix-mineral relationships and architecture in these cultures. This work builds upon previous studies that have used similar material characterization techniques as those we have applied here on mineral deposited in cell cultures [7] [8] [9] .
Our present comprehensive characterization of the morphology, composition and structure of the biomineral deposited by MC3T3-E1 osteoblasts in vitro, and its comparison to bone mineral and synthetic mineral standards, provides insight into potentially important similarities and differences between bone mineral formed in vivo versus that formed in vitro. The work also establishes parameters for MC3T3-E1 culture use in biomineralization studies. In addition, it improves our understanding of the relationship between the organic extracellular matrix and the biogenic inorganic mineral phase at the ultrastructural level. Taken together, this study addresses the suitability and limitations of a bone cell culture system for investigating mineralization processes, and it provides detailed mineral information on the MC3T3-E1 cell culture model justifying its continued use in mechanistic bone mineralization studies.
Materials and methods

Cell culture conditions
MC3T3-E1 murine calvarial osteoblasts (subclone 14) [6] were maintained in modified minimum essential medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Hyclone, Waltham, MA, USA) (selected from multiple lot/batch testing to be permissive of mineralization) and 1% penicillin-streptomycin (Invitrogen) at 37°C in a humidified atmosphere of 5% CO 2 . All experiments were carried out using cell culture dishes (Corning Inc., Corning, NY, USA) or wells (Sarstedt, Newton, NC, USA) at a plating density of 50,000 cells/cm 2 .
Cell differentiation and matrix mineralization were initiated 24 h after plating, with medium supplemented with 50 μg/ml ascorbic acid (AA) (Sigma-Aldrich, St. Louis, MO, USA), and 10 mM β-glycerophosphate (Sigma-Aldrich) as a phosphate source enabling mineralization. Calcium was available at 1.8 mM as a constituent of the culture medium. The medium was changed every 48 h.
Mineral preparations
Mineral samples were prepared and analyzed in two forms, i.e. either as synthetic or pulverized/ground powders, or as resin-embedded intact samples.
Hydroxyapatite control standards
Carbonated (7.7% w/w) hydroxyapatite standard powder (C-HA) was prepared following the aqueous precipitation method reported by Penel et al. [10] , except that ammonium salts were used (ammonium phosphate dibasic and ammonium carbonate). The carbonate level was determined by Fourier-transform infrared spectroscopy (FTIR) using a calibration set of carbonated apatites with carbonate content determined by elemental analysis. Hydroxyapatite standard reference material powder (HA-SRM) was from NIST (Standard Reference Material® 2910, National Institute of Standards and Technology, Bethesda, MD, USA).
Isolation of mineral crystals from MC3T3-E1 osteoblast cultures
Cell culture mineral crystals were isolated following a modified protocol described previously [11] . Briefly, cell culture plates from day-12 mineralized osteoblast cultures were gently rinsed three times with double-distilled water produced by the Simplicity Purification System (ddH 2 O, pH 8.0, resistivity 18.2 MΩ cm, Millipore, Billerica, MA, USA) followed by gentle spatula scraping of the cell culture layer (including the extracellular matrix and mineral) from the dish surface, and air drying. Samples were pulverized/ground, and then incubated (or not incubated) in 1.3% sodium hypochlorite (NaOCl, Acros Organics, New Jersey, NJ, USA) to remove organic components, then sonicated briefly for several min. Crystals were pelleted by centrifugation and then immediately washed three times in ddH 2 O before sequential dehydration in 50%, 95% and 100% ethanol (Fisher Scientific Co., Ottawa, ON, Canada). Crystals were stored in 100% ethanol at −20°C.
Mouse calvarial bone
Calvarial bone from 1-month-old Balb/C mice were first rinsed briefly with physiologic saline and ddH 2 O, air-dried, and then pulverized/ ground extensively in an agate mortar. Specifically for powder X-ray diffraction (XRD, see below in Section X-ray diffraction), treated (with sodium hypochlorite, as above) inorganic bone samples were used because unusable, high-background noisy spectra were obtained from pulverized/ground untreated bone, and since the treatment has been shown not to alter the structure and composition of mineral crystals disaggregated from bone [11] . For this, ground bone (50-100 mg equivalent of 3 whole calvariae) was digested in 10 ml of 1.3% sodium hypochlorite at room temperature with continuous sonication for 10 min. Crystals were pelleted by centrifugation, and then immediately washed three times in ddH 2 O and then sequentially in ddH 2 O before dehydration in 50%, 95% and 100% ethanol. Crystals were stored in 100% ethanol at −20°C.
Light microscopy and biochemistry of MC3T3-E1 cultures
Histology and quantification of mineralization
Mineral was visualized in culture wells by von Kossa staining using 5% silver nitrate solution (Sigma-Aldrich) followed by exposure to bright light and counterstaining with toluidine blue (Fisher Scientific), or, by calcein staining where day-12 cultures were incubated in 25 μg/ml calcein (Sigma-Aldrich) for 1 h and post-fixed in 4% paraformaldehyde (Acros Organics). Mineralization was quantified spectrophotometrically (wavelength, 595 nm) by measuring acid-soluble (0.5 N HCl, Acros Organics) calcium in solution using a calcium assay kit (Diagnostic Chemicals, Charlottetown, PE, Canada).
Collagen deposition assay
Collagen matrix deposition was quantified by Picrosirius Red staining followed by stain dissolution/release using 0.1 N NaOH (Fisher Scientific) followed by spectrophotometric measurement (wavelength, 562 nm) in a microplate reader, as described previously [12] . Bovine calf skin type I collagen (Sigma-Aldrich) was used as a standard.
Fluorescence microscopy
Cell cultures were fixed in 3.7% formaldehyde (Fisher Scientific) and permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) in PBS. Labeling of the actin cytoskeleton was performed using Alexa Fluor® 568 phalloidin (Invitrogen), and nuclei were marked using DAPI (4′,6-diamidino-2-phenylindole) (Invitrogen) staining. Type I collagen was immunolabeled using rabbit anti-collagen type I (Chemicon International Inc., Billerica, MA, USA) and anti-rabbit Alexa Fluor® 488 secondary antibody (Invitrogen). Mineral was labeled with calcein as above. Fluorescence imaging was performed using a Leica DMIL inverted microscope (Leica`Microsystems Canada, Ltd, Richmond Hill, ON, Canada) and an LSM 510 META Axioplan 2 confocal laser scanning microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada) equipped with a CApochromat 40×/1.2 water-immersion objective from same company. Image stacks were processed for 3D reconstructions using Huygens Professional 2.4 (Scientific Volume Imaging) and Imaris 4.0 (Bitplane) softwares.
Ultrastructural characterization of MC3T3-E1 cultures
Electron microscopy, energy-dispersive X-ray spectroscopy and electron diffraction For ultrastructural characterization by transmission electron microscopy (TEM), MC3T3-E1 cultures were fixed with 2% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) and dehydrated through a series of graded ethanol dilutions. Samples were embedded in LR White acrylic resin or epoxy resin (Electron Microscopy Sciences). These resins were selected to prepare sample blocks because epoxy resins are ideal for morphological assessment by TEM, and LR White acrylic resin was used because it facilitates immunogold labeling, and staining protocols are well-established and particular to each of the resins. Ultrathin sections (80-nm-thick) cut with a Leica EM UC6 ultramicrotome (Leica) were placed on formvar-coated nickel grids (Electron Microscopy Sciences) and stained with uranyl acetate and lead citrate (Electron Microscopy Sciences) for viewing by TEM. For postembedding immunogold labeling of osteopontin, LR White sections (80-nm-thick) of decalcified (10% EDTA, Sigma) mouse bone were incubated with goat anti-osteopontin antibody (R&D Systems, Minneapolis, MN, USA) followed by protein A-colloidal gold complex (gold particle size 15 nm; Dr. G. Posthuma, University of Utrecht, The Netherlands) as previously described [13] . Grids were then conventionally stained for TEM using uranyl acetate and lead citrate. A field-emission FEI Tecnai 12 BioTwin TEM (FEI, Hillsboro, OR, USA) was used to examine the sections at 120 kV. Electron diffraction was performed using TEM in the selected-area configuration.
For scanning electron microscopy (SEM), cultures were dehydrated in hexamethyldisilizane (Sigma-Aldrich), sputter-coated with Au-Pd or carbon and imaged with S-4700 field-emission gun microscope (Hitachi High Technologies, Pleasanton, CA, USA) in secondary electron and backscattered electron imaging modes. Energy-dispersive X-ray spectroscopy (EDS) was performed on SEM equipped with an INCA microanalytical system (Oxford Instruments, Abingdon, Oxfordshire, UK).
X-ray diffraction
X-ray diffraction (XRD) analysis was performed using a D8 Discover diffractometer (Bruker-AXS Inc., Madison, WI, USA) equipped with a copper X-ray tube (wavelength, 1.54056 Å), and a HI-STAR generalarea detector diffraction system (Bruker-AXS Inc.). All components (Xray source, sample stage, laser/video alignment/monitoring system and detector) are mounted on a vertical θ-θ goniometer. Measurements were run in coupled θ-θ scan in either conventional powder diffraction mode (500 μm beam spot size) or the more localized area microbeam analysis mode (50 μm beam spot size). The conventional powderdiffraction configuration was used to analyze standard control powder samples (hydroxyapatite standards C-HA and HA-SRM; analyzed asreceived without any treatment), and samples of air-dried pulverized/ ground material from cell culture (treated, or not treated, with sodium hypochlorite to remove the organic content) and sodium hypochlorite-treated calvarial bone. The microbeam diffraction mode was applied to characterize cell culture samples and untreated calvarial bone (intact, not treated with sodium hypochlorite) embedded in LR White acrylic or epoxy resin blocks (the same block faces used for preparing the microscopy sections) for small-area, localized analyses of mineral-rich regions identified on the block face. Additional details about the XRD methods are provided in the Supplemental Information section.
Fourier-transform infrared spectroscopy
An attenuated total-reflectance Fourier-transform infrared spectrometer (ATR-FTIR, Spectrum 400, PerkinElmer, Woodbridge, ON, Canada) equipped with a ZnSe diamond-coated ATR crystal was used to characterize the chemical composition and molecular environment of the various samples examined by conventional powder XRD as above, except for calvarial bone that was an untreated sample having both inorganic (mineral) and organic contents present. ATR-FTIR was performed at 4 cm −1 resolution over a range of 4000-650 cm
. Spectra were baseline-corrected for comparison using the instrument software (Spectrum). For the spectra, integrated areas of bands were calculated using OriginPro 9.1 software.
Results
Matrix deposition and mineralization
Upon exposure to ascorbic acid (AA), which is a necessary cofactor for prolyl-and lysyl hydroxylases and thus is required for collagen production, MC3T3-E1 osteoblast cells produce and assemble an abundant extracellular fibrillar type I collagen matrix network (Fig. 1A , first and second panels) that accumulates steadily within the first 6-8 days of culture (Fig. 1B) . Without AA treatment, osteoblasts synthesize collagen but fail to externalize and assemble the type I collagen network (Fig. 1A , third panel) as compared to with the addition of AA (Fig. 1A, fourth panel) . During the last 6 days (of 12-day cultures), and in the presence of a phosphate source such as 10 mM β-glycerophosphate to enable mineralization (calcium is present in the culture medium), the matrix gradually mineralizes as determined by many methods, including histology methods using von Kossa (Fig. 1C) and calcein ( Fig. 1D ) staining (for mineral ions), and biochemical quantification of acid-extracted precipitated calcium within the cultures using a calcium assay kit (Fig. 1E ). von Kossa staining for phosphate revealed the formation of mineral nodules deposited within the cell/matrix layer as seen in the dishes or in histologic cross-and en face view-sections (Fig. 1C) , where some cells were embedded within the mineral (Fig. 1C , right panel) in an osteocytelike manner. Calcein-stained mineralized cultures revealed an extensive interconnected network of mineral throughout the matrix of the cultures (Fig. 1D ). Osteocyte-like cells embedded within matrix/ mineral showed long and extended dendritic cell processes (Fig. 1F ) similar to those seen in bone in vivo [14] . 
Ultrastructural morphology and compositional characterization
Observation of the upper surface (uppermost side exposed to culture medium) of a 12-day mineralized culture by scanning electron microscopy (SEM) revealed a continuous layer of cells with numerous filopodia (dendritic cell processes), blebs and membrane projections ( Fig. 2A) . Individual cells within this confluent layer were flattened and roughly polygonal in shape. A cross-section of the culture dish observed by SEM revealed alternating layers of noncontiguous cell sheets embedded in a fibrillar organic matrix (Figs. 2A,B) . The sheets of matrix within the culture were comprised of densely packed bundles of collagen fibrils (Fig. 2B) which by transmission electron microscopy (TEM) displayed the characteristic banding periodicity typical of type I collagen fibrils (Fig. 2C) . At sites of mineralization in the extracellular matrix, some collagen fibrils were encrusted with small globular masses approximately 100 nm in diameter (Fig. 2D) . Backscattered-electron SEM imaging -where higher atomic number elements appear brighter -coupled with energy-dispersive X-ray microanalysis indicated that these globular structures and adjacent mineralized collagen fibrils contained high levels of calcium and phosphorus (Fig. 2E, inset) . While often isolated, in many other areas the small globular foci appeared as coalesced masses representing large deposits of mineral. TEM of normal mouse calvarial bone (Fig. 2F ) and mineralizing MC3T3-E1 cultures (Figs. 2G,H) showed similar ultrastructural mineralization features including larger mineralized areas that seemed to derive from growth of small mineralization foci/globules within the collagenous extracellular matrix. Mineralized collagen fibrils were also evident by TEM at most sites of mineralization, as well as very small (~150-200 nm in diameter) nodules of mineral between collagen fibrils, all of which were strongly positive for osteopontin after immunogold labeling (Fig. 2I ). These small nodules may correspond to the smallest of the globular masses observed by SEM in Fig. 2D whereas the larger areas of mineralization may correspond to the aggregated globular masses observed by SEM in Fig. 2E . The presence of osteopontin at these sites is indirectly indicative of mineralization events since this mineral-binding, osteoblast-secreted noncollagenous phosphoprotein intimately associates with nascent and growing apatite crystals formed with the extracellular matrix [15, 16] .
Mineral crystal characterization in MC3T3-E1 cultures TEM imaging and electron diffraction
TEM imaging of ultrathin sections of epoxy-embedded mineralized MC3T3-E1 cell cultures revealed abundant apatite nanocrystals between and aligned with the collagen fibrils (Figs. 3A-C) that were mostly similar to those seen in normal mouse bone (Fig. 3A, inset) . Electron diffraction of the mineral shown in Fig. 3C (inset) demonstrated a diffraction pattern characteristic of apatite, which was comparatively explored in greater detail in MC3T3-E1 culture mineral and in mouse bone mineral (from calvariae), as compared to powder control standards (Fig. 4) . For this, the crystal structures of osteoblast culture mineral, calvarial bone, synthetic carbonated hydroxyapatite (C-HA) and hydroxyapatite standard reference material (HA-SRM) were examined by selectedarea electron diffraction (SAED). SAED patterns of MC3T3-E1 cell cultures (Fig. 4A ) and calvarial bone (Fig. 4B) were similar, with diffraction rings matching those of both carbonated hydroxyapatite (C-HA, Fig. 4C ) and pure hydroxyapatite (HA-SRM, Fig. 4D ) powders. Diffraction patterns from cell culture mineral and bone mineral exhibited characteristic diffuse rings compared to the sharp distinct pattern of C-HA and HA-SRM, indicating that the mineral from the culture and bone samples has lower crystallinity which is typical for biological apatites and which correlates with X-ray diffraction (XRD) observations (see below). The most intense diffraction rings in the culture and bone SAED patterns are attributable to unresolved, overlapping diffractions peaks from the mineral planes (211), (112), (300) and (202), which again was substantiated by XRD observations (see below). For the synthetic apatite powders HA-SRM and C-HA, individual diffraction spots align as rings, which is indicative of mineral having high crystallinity and a significant content of single and randomly disposed crystals.
X-ray diffraction of pulverized/ground mineral samples
The crystal structure of the mineral formed in MC3T3-E1 cultures was assessed by X-ray diffraction and compared to the mineral isolated from sodium hypochlorite-treated mouse calvarial bone, and to synthetic carbonated hydroxyapatite (C-HA) standard and synthetic hydroxyapatite standard reference material (HA-SRM). The biologic MC3T3-E1 cell culture crystals were isolated by the removal of the organic components by sodium hypochlorite treatment as described in the Materials and methods section. A control MC3T3-E1 cell culture sample with the organic matrix still present (i.e. not treated with sodium hypochlorite) was also included for analysis. As shown in Fig. 5 , the cell culture mineral has an XRD pattern characteristic of a poorly crystallized apatite material, typical of that reported for biologic apatites with 2θ positions matching those of a hydroxyapatite phase (Fig. 5 and Table 1 ). The broadness of the peaks indicates that crystallites are relatively small (see below, Table 2 ) and may exhibit a certain degree of imperfection (inter-planar distances with variations caused by intracrystalline impurities and substitutions). The most intense, wellresolved, distinct reflections from crystal planes (211), (112), (300) and (202) characteristic of a highly crystalline hydroxyapatite as seen in the HA-SRM powder appeared unresolved for the culture mineral, but they still appeared as single large peak in the 2θ 30.5°-35.0°range centered at 31.8°. This large peak indeed occurs as a convolution of the four reflections above.
A key observation from these XRD spectra is that the diffraction patterns from the mineral of the MC3T3-E1 cell cultures and from mouse calvarial bone were remarkably similar (Fig. 5) , with the main feature characteristic of these patterns being the broad peak overlapping the (211), (112), (300) and (202) reflections that exhibited essentially the same shape and centered peak 2θ position for both samples. The (300) and (202) reflections, being well-resolved for both HA-SRM and C-HA, were no longer demonstrable as distinct peaks for the cell culture mineral and the bone calvarial mineral; however, they had distinguishable spectral shoulders at around 33°and 34°in 2θ, respectively. Other intense reflections expressed as broad peaks found in both cell culture mineral and bone mineral were identified as (100), (002), (310), (222) and (213). Collectively, these XRD data indicate that the mineral deposited in vitro in MC3T3-E1 cultures has a similar crystal structure to the mineral phase of mouse calvarial bone.
Treatment of mineralized tissues with sodium hypochlorite removed most of the noncrystalline organic material as evidenced by a comparison of the XRD spectra from the untreated culture mineral to the sodium hypochlorite-treated culture mineral (Fig. 5) . The untreated MC3T3-E1 spectrum exhibited a pronounced background 2θ bump originating from amorphous material such as the organic extracellular matrix. In addition, the pattern from the untreated sample exhibited high noise in the intensity signal along the whole 2θ scanned range characteristic for X-ray diffusion and scattering by unordered material. The XRD spectrum of the sodium hypochlorite-treated culture mineral had a significantly lower background and an improved (less noise) signal. Details of the 2θ positions and the interplanar spacing of the mineral crystals as determined from these XRD analyses are listed in Table 1 . Table 2 presents the 2θ positions and the full-width at half maximum (FWHM) values of the (002) reflection as well as the crystallite mean size estimates for the analyzed samples as derived from the Scherrer equation. The cell culture mineral is made up of smaller crystallites (having 14-nm mean size) than present in the calvarial bone (having 20-nm mean size). The sodium hypochlorite treatment for the removal of the organic matrix from MC3T3-E1 cell culture did not affect the size of the crystals from the cell culture. XRD on the carbonated hydroxyapatite (C-HA) and hydroxyapatite (HA-SRM) standard samples treated with sodium hypochlorite under same conditions as for the MC3T3-E1 cell cultures did not show any structural difference of the apatite phase between the treated and untreated samples (data not shown).
X-ray diffraction of resin-embedded mineral samples
A major limitation of traditional XRD analysis of pulverized/ground mineralized tissues is the inevitable loss of information about the orientation of the crystals in their native state within the organic extracellular matrix. The process of crushing and grinding produces crystal homogenization as crystals displaced from their locations are rendered randomly oriented in the sample volume. This preparation/homogenization method of sample crushing, commonly and intentionally applied for powdering material devoid of organics, has the advantage of allowing accurate identification of the phase of the material being analyzed. Biological samples on the other hand are essentially nonhomogeneous in both phase content and chemical composition.
To determine whether the mineral crystals in the MC3T3-E1 cultures and those in bone have preferred orientations within the sample, we performed XRD measurements on resin-embedded intact samples applying a microbeam capability to locally analyze mineral in very small areas that can be correlated with histologic detail at the cell and matrix level. Fig. 6 shows typical microbeam X-ray diffraction patterns from MC3T3-E1 culture mineral and from mouse calvarial bone, with both being embedded in resin blocks. The inset light micrographs in Fig. 6 identify the X-ray microbeam spot size (50 μm in diameter, white circle with crosshairs) and analysis site as determined from a single histology section cut from the block face with a microtome prior to (Fig. 6) . Interestingly, not all the (hkl) reflections characteristic of a polycrystalline hydroxyapatite phase were seen for the biological samples (Fig. 5) . The most intense peaks at (211) and (112) for polycrystalline hydroxyapatite seen in the powder pattern of Fig. 5 did not appear in the microbeam cell culture or calvarial block data (Fig. 6 )-thus indicating that the apatite crystallites are not randomly oriented in the samples and that they have specific orientations in the analyzed sample volume. Moreover, the intensities of the diffraction peaks reflected by the planes (100), (101) and (111) were significantly higher than the intensities at which these peaks normally occur in hydroxyapatite powder. The presence of a preferential orientation of growing apatite crystals along the planes (100), (101) and (111) is underscored by the occurrence in the pattern of multiple peaks (doublets), (200), (202) and (222) from the same planes, respectively.
A second finding of the microbeam XRD analysis is that apatite crystallites showed a nonhomogenous distribution across the depth of the sample. Thus, while at angle θ 1 = 10°only peaks from (100) and (101) were detected in the 5-37°2θ range of the measured frame, at θ 1 = 25°(deeper within the block) new peaks appeared as (110), (200), (222) (Fig. 6 ). This clearly indicates that mineral deposition in the cell culture develops with hydroxyapatite crystals exhibiting specific orientations within the sample, an observation that may be related to different collagen fibril orientations. In comparison to calvarial bone, we observed that the culture mineral exhibited the same diffraction peak positions with some variation in peak intensity (Fig. 6) . Together, these results indicate that apatite crystallites grow in cell culture with orientations and distributions similar to those deposited in mouse calvarial bone tissue.
Chemical composition Energy dispersive X-ray spectroscopy
The chemical composition of the mineral samples was investigated by energy-dispersive X-ray spectroscopy (EDS) in SEM. Fig. 7A shows representative EDS spectra of the MC3T3-E1 cell culture mineral, mouse calvarial bone, synthetic carbonated hydroxyapatite (C-HA) and hydroxyapatite standard reference material (HA-SRM). As expected, the spectra show the presence of calcium and phosphorus, an elemental composition consistent with apatite, in all the samples (Fig. 7A) . Trace amounts of sodium and magnesium were also detected in both culture mineral and the bone sample (data not shown); small amounts of such metal ions are often incorporated into biological apatites although contamination from culture medium or sample processing buffers cannot be completely excluded. Other elements detected both in the cell culture sample and in the calvarial bone were carbon and oxygen which originate from both the organic matrix and the embedding resin. The high signal intensity of the carbon and oxygen precluded a quantitative determination of the mineral Ca/P ratio.
Fourier-transform infrared spectroscopy (FTIR)
The chemical composition and molecular environment of the matrix and mineral in the various samples were characterized by ATR-FTIR analysis. Fig. 7B presents FTIR spectra of MC3T3-E1 culture mineral and control samples of calvarial bone, synthetic carbonated hydroxyapatite (C-HA) and hydroxyapatite standard reference material (HA-SRM). A culture sample, with organic components removed by NaOCltreatment (treated), was also included. All FTIR spectra show absorption bands characteristic of mineral, i.e. the phosphate group (PO 4 3− ) in the 1200-900 cm − 1 range. Triply degenerate asymmetric stretching modes ν 3a , ν 3b , and ν 3c , of the P-O bond of phosphate occur with peaks around 1100-1080 cm − 1 , 1075-1055 cm − 1 and 1030-1010 cm − 1 , respectively [17] . The non-degenerate symmetric stretching ν 1 of the P-O bond of orthophosphate was assigned to the band peaking at~960 cm − 1 . For the HA-SRM sample, PO 4 3 − bands were fairly well-resolved and narrow, indicating a high crystallinity of the powder. The wider aspect of bands seen for cell culture and bone calvariae is related to the well-known lower crystallinity and smaller crystallites in these biological apatites, as was also observed by electron diffraction (Fig. 4) and XRD (Fig. 5) .
In cell culture and bone calvariae, the absorption bands characteristic of the organic matrix were observed as spectral peaks within the amide and carbonyl group range from 1750 to 1250 cm −1 (Fig. 7B) .
Amide exhibits bands with peaks at~1650-1635 cm − 1 ,~1550-1535 cm − 1 , and~1240 cm − 1 that are here termed according to the literature as Amide I, Amide II and Amide III, respectively [18] . The carbonate content CO 3 2− of the apatite mineral is expressed by the ν 3 bending modes at~1450 cm −1 and~1420-1400 cm −1 and the ν 2 stretching mode at 875-870 cm −1 [19, 20] adjacent to the band characteristic of orthophosphate. The other vibrational modes characteristic of apatitic
) and ν 4 (~750-690 cm
), are not seen here because one (ν 1 ) is convoluted within the strong phosphate, while the other is very weak.
The assignment and position of bands and peaks in the FTIR spectra for the analyzed samples are shown in Table 3 .
A very noticeable finding was that the FTIR spectra of cell culture and bone calvariae (both ground and not treated with NaOCl) were very similar (position, shape and intensity of bands, and peaks). The amide bands occur only in the cell culture and bone calvariae, but of course not in the synthetic apatites, and these bands disappeared after NaOCl treatment to remove organics from the cultures. Moreover, the presence of ν 3 carbonate modes of similar intensity and area in the treated cell cultures and carbonated hydroxyapatite indicates that this signal originates from structural carbonate in the apatitic lattice of the mineral. Removal of organic matrix by NaOCl treatment does not remove the carbonate peaks confirming that the mineral also contains a carbonated hydroxyapatite phase. Table 4 provides mineral:matrix and carbonate:phosphate ratios and their comparison amongst the samples analyzed. Both area-and intensity-mineral:matrix indices were slightly lower for MC3T3-E1 cultures (untreated) than for bone (2.7 vs. 3.4, and 1.5 vs. 1.9, respectively). The mineral:matrix ratio calculated by band area integration is in the range reported for normal mouse bone [21] . Whether calculated from intensity or from integrated area, for any sample, the carbonate:phosphate ratios were lower than that of synthetic carbonated hydroxy apatite standard (C-HA). The sodium hypochlorite treatment of MC3T3-E1 cell culture to remove organic components does not induce any significant change in the ratio of apatitic carbonate to phosphate, showing carbonate:phosphate ratio values of 0.9-1.1% as measured by band area integration, and 5.4-5.5% as measured from band intensity, and both values were lower than those determined from the bone sample (1.4% by band area, and 7.5% from band intensity).
Discussion
In vitro culturing of osteoblast cells is a convenient and useful method for the study of osteoblast activity that allows experimentation on biological processes related to bone formation in ways that are not always achievable in living organisms. Established cell lines provide a stable, homogenous and reproducible model to investigate factors affecting osteoblast signaling, differentiation and mineralization. Cell culture models that produce an abundant, collagen-and noncollagenous protein-rich extracellular matrix -such as occurs in the MC3T3-E1 mouse pre-osteoblast cell line model -are particularly useful in that they allow fundamental questions about matrix mineralization to be queried in vitro. While in vitro studies on biomineralization are routinely performed using other cell lines, frequently these investigations neglect verifying the presence of a secreted and assembled extracellular matrix, and thus conclusions drawn from this work may not have physiologic relevance to bone formation and mineralization as it occurs in vivo. An alternative approach to providing a more native environment for cultured bone cells includes the use 3D scaffolds to induce cell differentiation and the production of bone cell (and matrix) biomarkers [22, 23] . The use of a wide variety of experimental methods to study biomineralization -whether performed in vitro or in vivo -provides the essential experimental armamentarium necessary to understand bone biology. All such methods are currently used to investigate normal bone formation and turnover, as well as various hyper-and hypomineralization (osteomalacia) pathologies, ectopic calcifications including within soft tissues, and tissue-engineered constructs and biomaterials. In this study, we focused on one widely used cell culture model that is thought to closely resemble in many ways bone formation and mineralization in vivo, particularly with regard to extracellular matrix secretion, assembly and mineralization. The work is timely in that, to date, biomineralization studies have made wide use of this in vitro model system without there being a full and definitive mineral characterization of this cell culture model. Here, we have closed this information gap by using multiple biophysical analytical techniques to perform a comprehensive structural and compositional characterization of the biomineral and mineralization processes occurring in MC3T3-E1 osteoblast cultures, and have compared these data to that obtained from normal mouse bone tissue (the same species from which the culture model derived). In doing this comparison, we describe many key similarities between the two experimental models.
Of the analytical methods used, X-ray diffraction (XRD) remains the benchmark "gold standard" technique for the determination of crystal structure for any given mineral. While a few previous studies have used XRD to demonstrate that MC3T3-E1 cultures are capable of depositing a bone-like hydroxyapatite inorganic mineral phase [24] [25] [26] , those studies were limited by a sample preparation method that utilized lyophilized samples ground into powder prior to analysis. While this approach is very common for powder-cast materials, this crystal/grain homogenization treatment is not well-suited for mineralized biological samples which contain an abundant and relatively soft organic matrix, and which have mineral crystal orientations that provide key information on the biology and properties of mineralized extracellular matrices. Homogenization of samples by crushing and grinding into powders inherently involves disaggregation and mixing of sample components in a way that precludes access to information on important hierarchical tissue architecture and microscopic compositional organization and structure.
In this study, for comparative purposes, we repeated -as others have done previously -XRD analyses on dried pulverized/ground homogenized samples. However, we additionally included various treatment steps, and we performed a careful and thorough analysis of resin-embedded intact samples of both mineralized cell cultures and bone tissue to allow us also to determine preferential crystal orientations and nucleating planes within the extracellular matrix. From the XRD performed on resin-embedded intact samples, we demonstrate that the apatite crystals in the MC3T3-E1 cell cultures possess preferential orientations within the volume of the sample analyzed -like they do for intact bone tissue -an observation arguing against random dystrophic calcification. Unlike (hkl) reflections characteristic of polycrystalline powdered hydroxyapatite, XRD of resin-embedded MC3T3-E1 samples shows crystals with preferential orientation along the (100), (101) and (111) planes, with the (100) plane representing the prismatic faces of hexagonal hydroxyapatite. These specific crystal orientations seen in both cell culture and in calvarial bone indicate guided biogenic crystal growth and not stochastic dystrophic calcification. Remarkable similarity was found between the culture mineral and calvarial bone mineral using most of the methods that we applied in our study. In both cases, the biogenic mineral was poorly crystallized and consisted of nanoscale-range crystals as evidenced by broadened peaks in X-ray diffraction and electron diffraction. While other studies have characterized mineral in various in vitro cell culture models using cell lines or primary cell cultures, we are the first to provide a detailed, comprehensive multi-technique analysis of the most widely used osteoblast cell culture model (MC3T3-E1 cell cultures) [7] [8] [9] . In all cases, poorly crystallized apatitic X-ray diffraction patterns were observed, this being characteristic of biogenic apatite as shown by Kuhn et al. [7] who likewise improved mineral analysis by removing the accompanying organic phase. Such observations are typical for biological hydroxyapatites where the poor crystallinity of the mineral is related to impurities, substitutions and accommodation of inorganic ions and/ or small organic molecules within the crystals [27, 28] . Indeed, when compared to pure hydroxyapatite, bone mineral has carbonate substitutions within the lattice structure of the crystals, being substituted at approximately 7 wt.% at the PO 4 3− position, and to a lesser extent at the OH − position [29] . Carbonate substitutions and other elemental impurities in bone apatite increase crystal solubility thereby facilitating dissolution and resorption of bone during bone remodeling. In this study, elemental analysis of culture mineral by energy-dispersive spectroscopy (EDS, X-ray microanalysis) revealed an elemental signature consistent with that of calvarial bone, with FTIR spectroscopy confirming the presence of apatitic carbonate and phosphate groups. In in vitro studies, carbonated culture mineral has been observed by FTIR spectroscopy previously in rat bone marrow stromal cell cultures [30, 31] , fetal rat calvarial cell cultures, chicken osteoblasts [7, 32] and mouse 2T3 osteoblasts [2] . In in vivo studies, chick calvariae [33] , cartilage [34] , and bone tissue [35] have been studied by FTIR spectroscopy [36] . Few studies have performed FTIR spectroscopy on MC3T3-E1 cultures or compared these spectra to bone-Luppen et al. [24] examined mineral in MC3T3-E1 cultures under BMP2-stimulated or unstimulated conditions, but without a direct comparison to bone, and Bonewald et al. [2] failed to detect apatite mineral in MC3T3-E1 cultures by FTIR. In the latter case, the authors attributed this to perhaps changes in the cell line properties attributable to variations in tissue culture conditions or clonal selection. Indeed, we have shown that different serum lots commonly used for cell culture appear to contain variable levels of mineralization inhibitors that may inhibit extracellular matrix mineralization in vitro [37] , and thus screening of serum lots is recommended. Using such selected serum lot additives, along with ascorbic acid and β-glycerophosphate (regardless of dosing at 2, 4 or 10 mM; data not shown) as a phosphate source, culture conditions in our hands are highly permissive of what appear to be bone-like mineralization closely resembling physiologic bone mineralization in vivo as described previously [6, 26, [38] [39] [40] [41] and in the current study. We thus encourage the use of the MC3T3-E1 cell culture model as a suitable approach to study bone extracellular matrix mineralization when appropriate culture conditions have been selected that are permissive to mineralization, and when collagenous matrix secretion and assembly have been verified. While this study was not designed to examine in detail the initial stages and locations of mineral deposition, or how mineral crystals interact with the surface of collagen fibrils or their gap/hole zones, our data show that mineralization in the extracellular matrix of MC3T3-E1 osteoblast cultures matches closely to that observed in bone tissue. Concomitant with matrix mineralization in the cultures was the Fig. 6 . Microbeam X-ray diffraction patterns of 12-day untreated MC3T3-E1 cell culture mineral and control mouse calvarial bone as analyzed at a cut block surface after embedding in resin. Prior to X-ray diffraction analysis, a histological section was cut and stained with von Kossa reagent (staining black) for mineral (with counterstaining with toluidine blue, insets) to assist with X-ray microbeam placement (the analyzed location is shown by the white circle with crosshairs, 50 μm diameter) on the block surface. Diffraction patterns were obtained with starting angle between the incident X-ray beam and the sample surface plane (θ 1 ) of 10 and 25°. development of matrix-embedded, osteocyte-resembling cells showing numerous extended dendritic cell processes permeating the matrix and closely associating with extracellular mineralization foci (as shown by confocal microscopy). We also demonstrate ultrastructurally by SEM and TEM in vitro that these mineralization foci -like those found in vivo in native bone tissue -consist of agglomerations of apatitic crystals that often align along collagen fibrils and that propagate as larger mineralized areas throughout the matrix. Associated with this mineralization occurring in vitro is the abundant accumulation of the mineralization-regulating protein osteopontin as occurs in vivo [13, 42] .
Conclusions
In summary, we show that cultured MC3T3-E1 osteoblasts synthesize and assemble a collagenous extracellular matrix whose organization and mineralization occur in a manner very similar to that occurring in bone. We have determined that the mineral deposited in MC3T3-E1 osteoblast cultures occurs initially as small mineralization foci in the extracellular matrix, with subsequent propagation of mineralization throughout the matrix. Like for native normal bone tissue, the mineral phase in the cultures is a poorly crystallized, carbonatesubstituted hydroxyapatite consisting of small nanocrystallites having specific orientations and preferential (100), (101) and (111) growing planes with their c-axis aligned parallel to collagen fibrils. From these findings and from the use of other biophysical approaches, we conclude that matrix-mineral relationships, and the mineral phase, are similar between MC3T3-E1 osteoblast cultures and mouse bone, thus validating the use of this culture model for biomineralization studies. This study has made comparisons to bone and synthetic standards, and future studies will consider a time course of mineral evolution/maturation in MC3T3-E1 osteoblast cultures, and a comparison to other culture models. 
